Simulation model of underhand throw for cybernetic training  by Ohshima, Shigemichi et al.
 Procedia Engineering  34 ( 2012 )  742 – 747 
1877-7058 © 2012 Published by Elsevier Ltd.
doi: 10.1016/j.proeng.2012.04.126 
9th Conference of the International Sports Engineering Association (ISEA) 
Simulation model of underhand throw for cybernetic training 
Shigemichi Ohshimaa*, Hiroki Yokotaa, Atsumi Ohtsukia 
*Department of Mechanical Engineering, Meijo University, Nagoya, Japan 
Accepted 05 March 2012 
Abstract 
Sports training systems are widely used to improve the overall performance of individuals engaged in various 
activities. Here, we propose the use of optimized muscle activation signals, hereinafter called OPTIMAS, as a tool for 
improving the overall sport performance of engaged subjects. The system consists of a series of steps that begin with 
the calculated OPTIMAS waveforms based on musculoskeletal model. The OPTIMAS waveforms are subsequently 
compared to the measured EMG waveforms. A trial and error based feedback approach is then taken to narrow the 
difference of the waveforms to finally suggest the best performance of the individual subject. The results of the 
proposed training system show that the method is of great advantage with a gain that leads to a better performance 
especially in the early stage of the training term.  
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
New skills in sports performance are generally attained through successive engagement of the 
inexperienced subjects with the aim of imitating the body motion of a skilled athlete. This imitation 
corresponds to the visually observable information from skilled athletes' posture, body parts position, joint 
trajectories and motion timings, etc. It is known that having an image to imitate accelerates motor 
learning, especially in the early stage of practice.  However, this visually observable information is 
restricted to kinematic information. Since kinematics information does not have dynamic information 
such as muscle tension which drives the body motion, a learner needs to develop an internal model, i.e. a 
correlation map between body motion and motor command, by trial and error. On the other hand, 
electromyography (EMG) is a graphical record of a biomedical electric currents signal which directly 
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reflects motor commands from the brain to activate muscles contractions. The general aim of EMG is to 
analyze the function and co-ordination of muscles in different movements and postures of skilled athletes 
and inexperienced subjects. The method is however, not necessarily effective as an inexperienced athlete 
would face difficulty in directly imitating skilled athlete’s EMG due to the inherent difference in the  
physical characteristics. Therefore, the differences in physical characteristics limits the use of skilled 
athlete’s EMG signal by inexperienced subjects. In this study, we propose a training system that helps 
inexperienced athletes to acquire skills through a repeated comparison of their EMG signals measured in 
real time to that of the signals produced by the optimization calculation using a model considering the 
physical characteristics of each subject. We call this training system, "cybernetic training" and refers to a 
feedback based signal produced artificially by optimization of the model calculations.  
In this work we studied the underhand throw of softball player to verify the validity of the proposed 
cybernetic training. At first, we calculate the optimal muscle signal for an underhand throw of a softball 
based on the subject's physical characteristics. Then, the subject practices to improve his skills by 
comparing his integrated electromyogram (IEMG) measured in real time with that of the OPTIMAS 
waveform produced by the optimization calculation. Here, the subject aims to approach the OPTIMAS 
waveform. The preliminary results showed that the proposed method is effective especially in the early 
stages of training. 
2. Method 
2.1. Simulation model 
We modeled the upper limb with three joints (shoulder, elbow and wrist) and eight muscle-like 
actuators. Figure 1a shows a rigid link model in the xy-plane. Angles ș1, ș2 and ș3 are the absolute rotating 
angles of the shoulder joint, the elbow joint and the wrist joint respectively. The masses of the first link, 
the second link, the third link and the softball are m1, m2, m3, and m4, and the mass moments of inertia of 
these rigid links are J1, J2 and J3, respectively. The distances from joint position to center of gravity of 
these rigid links are s1, s2 and s3, respectively. The system of equations of motion is obtained as: 
GHJ  TW   (1) 
where Ĳ is the joint torques, J is inertia matrix, H and G are the Carioles and centrifugal terms and gravity 
term vectors. This equation of motion is solved with a fourth order Runge-Kutta numerical integration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Simulation model of underhand throw of softball 
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In this study, we utilized the muscle-like elastic actuators for a model based on the Hill-Stroeve muscle 
model [1]. Figure 1b shows the musculoskeletal model of the upper limb. The two opposing actuators that 
act across the shoulder joint are f1 and e1, the two opposing actuators that act across the elbow joint are f2 
and e2, the two opposing actuators that act across both the shoulder joint and the elbow joint are f3 and e3, 
and the two opposing actuators that act across the wrist joint are f4 and e4. 
Muscle force depends on the muscle length, velocity and activation; therefore, muscle force f is a 
function of muscle length l (= l(t)), muscle velocity l (= dl / dt) and activation a (= a(t)), such that: 
max)()(),,( FlFlaFllaf cevcecelce    (2) 
where Flce, Fvce, Fmax, lce (= lce(t)) and l ce (= dlce / dt) is the force-length relation, the force-velocity relation, 
the maximum isometric force, the length of contractile element and the contractile element velocity, 
respectively. The activation is given by an optimized calculation. The length and velocity of the muscle 
are given by: 
)()()( 333222111 ririririi rrrll TTTTTT   (3) 
332211 TTT  iiii rrrl   (4) 
where lr is the rest length. The parameters rij specify the moment arms of muscle i (i = 1,…,8) with respect 
to joint j (j = 1,2,3). The rest position of the joints (where passive torque is zero) is denoted șrj. The net 
joint torques exerted by the muscle is: 
¦
 
 
8
1
),,(
i
ijmj llafr W  (5) 
 
2.2. Optimized Calculation 
The underhand throw of softball player was optimized in this paper. The control parameters for 
optimization are correspond to the muscle activation, which are plotted at 11 points from 0 to 2 seconds at 
0.2-second intervals, and a release time of T. Therefore, the control parameters are 89 points. An interval 
between two points is interpolated using cubic spline. This determines the system behavior to control the 
muscle activation. The calculated control parameters are the optimized muscle activation signals 
(OPTIMAS). The ranges of the control points of the muscle activations are defined as follows: 0  a  1. 
The initial position is assumed to be (ș1, ș2, ș3) = (0, 0, 0), and the initial muscle activation is zero. 
We set a pitching at half a distance of the 14.02m, the official distance for a male softball player 
because we do not deal here with the lower half of the body, and the center of the strike zone from ground 
was set to 0.835m. The range of the strike zone defined as error of plus or minus 0.375m from the center 
of strike zone.  
Three objective functions are considered. Objective functions were set to error distance from a target 
(i.e., strike zone), a minus speed of a pitched ball of the horizontal velocity and the maximal muscle stress, 
respectively. These objective functions are minimized concurrently. Thus this problem is a multiobjective 
optimization problem. We used the Strength Pareto Evolutionary Algorithm (SPEA2) [2] of multi-
objective evolutionary algorithms for optimized calculation. In this study, the population size and end 
generation were set to 100 and 5000. In addition, recombination of two individuals is performed by two-
point crossover. Point mutations are used where each bit is flipped with a probability of ͲǤͲͳ. 
.
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3. Simulation Results 
In case the pitch is a strike (i.e., it enters the strike zone in flight), the first objective function is set to 
zero. Otherwise the pitch is regarded as ball and the objective function is an error from the edge of the 
strike zone. Figure 2 shows that the representative solutions were selected strike and in error distance 
from the edge of the strike zone by 0.5m from the Pareto-optimal front. The muscle stress increases 
gradually when the horizontal velocity of the pitched ball rises. Therefore, the relation between the 
second objective function and the third objective function is a trade-off. In this study, we apply the pitch 
with the fastest horizontal velocity yielded by the Pareto optimal solution, which enters the strike zone in 
flight and thus can be considered a strike.  
Figure 3 shows OPTIMAS waveforms from 0 to 0.69 seconds. Figure 4 shows underhand throwing 
motion of the model from the initial position to the ball release position. The flexor muscle activations are 
exerted from the early start of pitching a ball. After that, the extensor muscle activations of the upper limb 
predominate in the middle of time history. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Underhand throwing motion of the model with OPTIMAS waveforms 
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Fig. 2. Forty eight representative trade-off solutions which 
were selected from the Pareto-optimal front  
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Fig. 3. OPTIMAS waveforms 
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Accordingly, the upper limb swings up forward, and then swings back up again. The upper limb was 
drawn vigorously to the maximum range of motion of the shoulder joint by swinging up forward. 
Consequently, the upper limb acts like a long swing of a pendulum, and throws at a faster the speed of a 
pitched ball of the horizontal velocity. In this simulation, the horizontal velocity of the ball was 15.9m/s, 
and the maximal muscle stress was 59.8N/cm2. 
4. Experimental results of cybernetic training 
To verify the validity of the obtained OPTIMAS waveforms ten test subjects were used in this 
experiment. The subjects were all male with ages between 21 and 23, and beginners of softball game. The 
objective of this experiment was to verify the effectiveness of cybernetic training. Therefore, first we 
grouped the subjects into group A and B based on similar average velocity of pitched balls from the pre-
experiment results. The subjects belonging to group A did the training independently, and those 
belonging to group B did the cybernetic training. The training was performed during two days, and each 
subject pitched 100 balls a day aiming at the strike zone. The specific procedure of cybernetic training is 
that the subjects throw the ball and checked recorded IEMG, for a better fit of one’s IEMG peak to 
OPTIMAS waveform peak in trial and error based visual feedback. The subjects were asked to throw with 
their weaker hand because we assumed that the subjects were inexperienced in softball pitching. EMG 
signals were measured with a wet type sensor with a sampling rate of 200Hz. We are not concerned with 
measurement of f2 and e2 because it is difficult to measure these EMG. This is attributed to the structure 
of the muscle organ. Thus the subjects measured EMG of 6 channels in this experiment.   
Figure 5 shows the average velocity of the pitched balls, 50 balls from group A and B. The average 
velocity of the pitched balls was approximately 30km/h in both groups from pre-experiment. All subjects 
throw faster balls than their previous training sessions. Specifically, velocities of the pitched balls by four 
of the subjects in group B were of marked increase, and the trend of the velocity increment during the 
early stages of the training was high. Besides, the average velocities of group B were 5.0km/h, 4.8km/h, 
2.1km/h and 2.1km/h faster than group A’s average velocities in chronological order. Figure 6 shows 
recorded IEMG that is the initial waveforms in previous training sessions (Fig.6a & b) and the waveforms 
in the final stage after training (Fig.6c & d) from one of group B. This subject was able to imitate 
OPTIMAS waveforms consistently in the final stage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The list of average velocity of pitched balls, 50 balls, in chronological order is shown for each subject. The subjects 
belonging to group A did training independently, and those belonging to group B did cybernetic training with a trial and error 
based on visual feedback. The average of velocity obtained from the pre-experiment was approximately 30km/h for both groups  
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5. Conclusion 
In this paper, we proposed a musculoskeletal model and simulation analysis of the upper limb for a 
cybernetic training system. We obtained OPTIMAS waveforms using the proposed simulation model and 
the subjects’ IEMG waveforms peak, in a particular timing, was similar to that of the OPTIMAS 
waveforms attained by cybernetic training. In addition, the subjects that used the cybernetic training were 
able to throw faster than the ones that did not, and the velocity of the pitched balls were markedly 
increased in these subjects during the early stages of the training term. Therefore, the proposed cybernetic 
training was an effective method to improve skills.  
This simulation model is able to correspond to the subject's physical characteristics by changing the 
coefficients for the parameters of rigid links and the muscle parameters. Thus, various subjects are able to 
practice the cybernetic training using individualized OPTIMAS waveforms developed by our simulation 
model. 
Ohta proposed a cybernetic training system that is able to perceive tangential acceleration of the 
hammer by using real-time auditory feedback[3]. As a future work, our training system, based on 
OPTIMAS, will aim at creating an electric stimulus feedback system in real time to improve the ease of 
use of the system. 
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(a) The flexor muscles in previous training sessions.  (b) The extensor muscles in previous training sessions.  
Fig. 6. Recorded IEMG during underhand throwing from one of group B 
(c) The flexor muscles in the final stage in training.  (d) The extensor muscles in the final stage in training.  
